ABSTRACT The switch valve is the core component to achieve the rapid pressure change and accurate pressure control of electro-hydraulic brake system (EHBS). The normally closed switch valve (NCSV) is used as an outlet valve of the EHBS. The nonlinear flow controllability of the NCSV is one of the key technologies for the pressure control of the EHBS. The four working states of the NCSV are investigated by theoretical derivation and simulation analysis. The results show that the nonlinear flow of the NCSV is difficultly controlled due to the structural principle. Then, the pressure of the EHBS cannot be controlled accurately by the NCSV. In order to solve this problem, the structure of the traditional NCSV is modified to make the flow controllability better. The concept of ''flow controllability factor'' is proposed to evaluate nonlinear flow controllability of the two types of the NCSV comprehensively. The adaptive weight particle swarm optimization is used to further improve the nonlinear flow controllability of the new NCSV. After optimization, the flow controllability factor of the new NCSV is increased by 94.7%.
I. INTRODUCTION
The switch valve is the core component to regulate the wheel cylinder pressure (WCP) of the electro-hydraulic brake system(EHBS) [1] , [2] . The nonlinear flow controllability of the switch valve is the core performance to realize the rapid and accurate pressure control of the EHBS [3] , [4] . In recent years, the research on the switch valve in the EHBS mainly focused on the innovation of the control methods, and a great deal of research results have been obtained [5] . Li et al. [6] proposed that the fluctuation characteristic of the valve, which was produced during the opening and closing of the valve, could be weakened by increasing frequency of PWM signal. Hao et al. [7] pointed out that the valve flow only could be indirectly controlled by changing valve opening area for the limitation of the structure in large flow occasion, and the valve flow was controlled by the rotation speed of pump. The relation between input duty ratio and output flow rate of the valve is nonlinear [8] , and the control effect of the wheel cylinder pressure (WCP) for the EHBS mainly depend on the nonlinear flow controllability of the switch valve [9] , [10] . Therefore, the analysis, evaluation and optimization of the nonlinear flow controllability of switch valve is one of the effective ways to improve the pressure control effect of EHBS.
Based on the normally open switch valve of the EHBS, Zhao et al. [11] considered the nonlinear characteristics of the electromagnetic force, the dynamic flow force, and the flow of the switch valve at different openings, a slidingmode controller was applied to adjust the spool position for accurate linear WCP control. Meng et al. researched on the precise pressure control of hydraulic actuator of electronic stability control system [12] , and extended of the duty ratio range of pulse width modulation control on high speed on-off valve [13] . Wang et al. [14] , [15] researched of pressure limiting valve in the ESP under control of highfrequency PWM and analyzed the effective working interval of the duty cycle. Most previous researches mainly focused on the normally open switch valve of EHBS. However, the NCSV is one of the core components in the brake system, its influence on the WCP has not considered. It is necessary to establish the dynamic model of NCSV and analyze its dynamic characteristics. In addition, the nonlinear relationship between the pulse width modulation (PWM) of the coil voltage and the flow capacity of valve were simplified to linear relationship [12] , [13] . The characteristics of switch valve were analyzed based on the simplified linear relationship [16] . The difficulty of analysis was reduced by this method, however, it was different from the actual situation, and the reason why the switch valve was easier to completely open or close controlled by the signal was not analyzed, which affected the controllability and control precision of the valve [13] .
Generally, the duty cycle of PWM with different frequency was used as the control input signal of valve. The average flow of the valve could be controlled by the low frequency signal of PWM [17] . However, the continuous control of the flow could not be realized. Therefore, some scholars proposed the method of using high frequency PWM signals to control the switch valve, the suspension of spool and the continuous control of flow could be obtained [18] . According to experiments, it was found that when the switch valve was controlled by voltage signal frequently, the coil generates higher temperature, which lead to the change of coil resistance and effect to the accuracy of flow control. Therefore, when the current signal was used to control the switch valve, the effect of coil resistance on control results could be weakened [19] , [20] .
When the switch valve was used for continuous control of the flow in the brake system, the effective interval of the duty ratio was smaller and the control effect was poor. A high speed rotary pulse width modulated on/off valve was proposed by the University of Minnesota [21] , [22] . High speed rotary pulse width modulated on/off valve could improve system efficiency, provide faster control bandwidth, and produce smaller output pressure fluctuations [23] , [24] . The response ratio of the high-pressure valve slowed down with the increased of the flow. To solve this problem, a new type of large flow quick response high pressure solenoid valve with parallel spool structure was proposed [25] . The servo valve was replaced by a cheap switch valve and an embedded controller. The size and cost of the servo valve were greatly reduced. The experimental test and analysis showed that the voltage signal of the valve could be proportional to the output flow through the design and adjustment of the controller [26] . Therefore, it is necessary to improve the dynamic characteristics of the switch valve and broaden its working range according to the structure of the valve. This paper is structured as follows. In Section II, the working principles of EHBS and NCSV are introduced, and the dynamic model of NCSV is derived. The correctness of the model is verified by experiments. In Section III, the working states of NCSV are analyzed, and the reason that NCSV cannot realize the continuous control of flow is studied. In Section IV, the structure of NCSV is modified to improve the nonlinear flow controllability of valve, and the concept of ''flow controllability factor'' is proposed to evaluate the nonlinear flow controllability of the two types of NCSV. In Section V, the adaptive weight particle swarm optimization (APSO) algorithm is applied to optimize nonlinear flow controllability of the new NCSV. Conclusion is made in Section VI.
II. SYSTEM MODELING A. WORKING PRINCIPLE OF THE EHBS
The configuration schematic diagram of EHBS is shown in Fig. 1 . The arrangement of the brake system is ''X'' type, which is composed of oil cup, brake master cylinder, pedal, displacement sensor of pedal, pedal simulator, pedal sensation sensor, motor, oil pump, oil filters, high pressure accumulator, four wheel cylinders, three pressure sensors, six normally open switch valves (valve3-4, valve7-9, valve13) and eight normally closed switch valves (valve1-2, valve5-6, valve10-12, valve14). The functions required by the EHBS such as ABS, TCS, and ECS can work by the different combinations of opening and closing of the switch valve. Therefore, the performance of switch valve is directly determined by the controllability of flow. The nonlinear flow controllability of NCSV is analyzed in this paper. 
B. WORKING PRINCIPLE OF THE NCSV
The section view of NCSV is shown in Fig. 2 . Current is used as control signal to weaken the effect of coil resistance on the control precision. The force acting on the spool is made up of electromagnetic force, liquid force, spring force, damping force, and friction force. The liquid force consists of hydraulic force produced by liquid pressure and flow force produced by flow of liquid. When the coil is not energized, the NCSV keeps closed by the spring preload and the liquid force. When the coil is energized, the electromagnetic field is generated between static iron core and spool, and makes them attract each other. The spherical spool is separated from valve seat and the valve is opened. The fluid flows from upper inlet through the filter to the outlet.
C. MODELING OF THE NCSV
The NCSV is a strong-coupling system. The dynamic equation of spool can be expressed as below (upward is positive direction).
where: M is the total mass of spool; c is the damping coefficient, F m is the electromagnetic force acting on spool, F P is the liquid force acting on spool, F f is the friction force acting on spool, F k is the return spring force acting on spool, x is the spool position, x = 0 mm when the valve is completely closed, and x = 0.32 mm when the valve is fully open. The return spring force has a linear form with spool position:
where: x 0 is the pre-tightening displacement, K is the stiffness of the return spring. The spool is subjected to sliding friction during motion. The friction force value is a constant and the direction is opposite to the direction of motion.
where: f µ is the constant value of friction force acting on spool.
The electromagnetic force can be divided into two parts. One is surface electromagnetic force produced by the suction between static iron core and spool. The other is solenoid force produced by the leakage flux between shell and spool [27] .
where: F 2 is the solenoid force, F 1 is the surface electromagnetic force, which can be expressed as follows:
where: δ 0 is the length of variable air gap, δ 1 is the length of fixed air gap, r 1 is the cylindrical radius of spool, µ 0 is the vacuum permeability. µ r is the relative Magnetic permeability of static iron core. l c is the length of non-air gap of magnetic circuit. N is the number of windings of the coil, i is the current of the coil.
The solenoid force can be obtained as follows:
where: r 2 is the cylindrical radius of flux-insulation tube, z is the width of the fixed air gap. Magnetic permeability is the ratio of magnetic flux density to field intensity [28] . There are three general methods to model nonlinear material permeability of static iron core [29] . Firstly, neglect all nonlinearities and assume constant permeability. Secondly, use constant permeability until a certain flux density and then assume infinite permeability (or hard saturation). Thirdly, use complete permeability material data. The third modeling technique best captures the dynamics of non-linear saturation, however, the great understanding of material properties is a shortcoming of this approach [30] . Thus most models focus on methods 1&2 [27] .
The working range of NCSV is 0A to 1.4A. According to [11] , it is known that the working range of NCSV is not in the working zone of saturation. Therefore, the effect of magnetic saturation on the electromagnetic force is ignored in this paper. The first modeling technique is used to model the electromagnetic force. The flow of fluid in the NCSV is rather complicated. As shown in Fig. 3 , the two control volumes are selected. The red part is the control body of the upper valve chamber and the green part is the control body of the down valve chamber. The traditional analysis method mainly focuses on one of the control bodies. The forces generated by the two control volumes must be considered simultaneously in the dynamic analysis of the spool. The force analysis of the control body of the upper valve chamber is as follows:
where: β is the angle between the direction of fluid inlet and the longitudinal axis, it is considered to be 90 degree, Q is VOLUME 6, 2018
the flow through the NCSV, ρ is the mass density of the brake fluid, θ is half of the cone angle of valve seat, v 2 is the fluid velocity of the fluid inlet, v j2 is the fluid velocity of the outlet of control body of the upper valve chamber, P 22 is the pressure of the fluid inlet, A x2 is the area of larger end of the valve seat, P j2 is the pressure on the slope of the valve seat at any position, R j3 is the radius of larger end of the valve seat, R j2 is the radius of cross section of the valve seat at the throttle section II, A j2 is the overflow area of the throttle section II, F Y is the hydraulic force produced by the liquid pressure at the upper end of spool.
The force acting on the control body of the down valve chamber is as follows: (9) where: v 02 is the fluid velocity of the fluid outlet, r j2 is the radius of smaller end of valve seat, P 02 is the pressure of the fluid outlet, A 12 is the overflow area of the throttle section I.
Considering the effect of the two control volumes, the liquid force acting on the spool can be expressed as:
The flow through the NCSV can be expressed as:
where: C d is the discharge coefficient, P is the pressure drop through the valve, A r is the effective throttle area of valve, which can be expressed as follows:
The dynamic model of the switch valve can be obtained by introducing (2)- (12) into (1). The dynamic model frame of NCSV is shown in Fig. 4 . 
D. EXPERIMENTS
The outlet valve in a ABS valve block is taken as the test object, which is the NCSV of the EHBS, as shown in Fig.5 . The structural principle of the NCSV is described as mentioned above and the specific parameters are shown in Table 1 . The test bench of switch valve is shown in Fig. 5 , which is composed of pressure gauge, oil cup, pressure bar, liquid outlet valve, liquid inlet valve, DC power supply and a measured valve block. The experimental steps are as follows:
Step 1: Opening the liquid inlet valve, followed by the connection of the inlet of the measured valve and the oil storage chamber of the pressure bar is established.
Step 2: Opening the liquid out valve, followed by the connection of the outlet of the measured valve and the oil return pipe is established. The pressure in the circuit is the same as the atmospheric in the initial time, and the liquid force acting on the spool is approximately zero.
Step 3: Pushing the pressure bar to raise the pressure of the oil storage chamber of the pressure bar to 1MPa by the readings of the pressure gauge, the spool is fully closed by the spring preload and the liquid force. Step 4: Opening the DC power supply and adjusting the output signal to the current. When the output current reach 0A, the DC power supply is shut down.
Step 5: Connecting the coil wire of the measured valve to the DC power supply. The DC power supply is opened and the spool is affected by corresponding electromagnetic force.
Step 6: Increasing the current of the measured valve coil slowly, when the brake fluid flows out of the liquid out valve, recording the value of DC power. The value is the current when the spool begins to move (CSM) at the pressure drop through the valve is 1MPa. Disconnection between the DC power supply and the coil of the measured valve.
Step 7: Repeating steps (3) - (6) and driving the pressure bar to regulate the readings of pressure gauge to 3MPa, 5MPa, 7MPa, and 10MPa. Recording the CSM of the measured valve at the different pressure drop. Based on the dynamic model of the measured valve above, the CSM of measured valve at the different pressure drop is calculated and shown in Fig. 6 . With the increase of pressure drop, the liquid force acting on the spool and the CSM of the measured valve increase continuously. When the pressure drop is 0MPa, the CSM is 0.422A, due to the effect of spring preload. When the pressure drop is 12MPa, the CSM is 0.896A. The test curve of the CSM is in good agreement with the simulation curve, which proves the correctness of the dynamic model of the switch valve. 
III. SIMULATION OF THE NCSV A. SIMULATION RESULTS
The specific parameters of the NCSV are shown in Table 1 . The ANSYS software is used to simulate the NCSV. The density and the viscosity of the fluid is 850Kg/m 3 .and 0.042 Pa · s, respectively. The flow direction of the liquid is one-way. When the pressure drop through the valve is 10MPa. The pressure of the NCSV during opening is obtained, as shown in Fig. 8 . The fluid force of finite element simulation and numerical simulation are shown in Fig. 7 , they are agree with each other, which proves the rationality of the numerical calculation method. Based on the MATLAB/Simulink software, a map of electromagnetic force is obtained, as shown in Fig. 9 . There are two positive correlations between electromagnetic force and spool displacement, electromagnetic force and coil current. Pearson's product moment correlation coefficient measures the linear relations between two variables, it can be expressed as:
where: ρ x,y is the Pearson's product moment correlation coefficient, σ x and σ y are the standard deviations of two random variables X and Y respectively, E(.) is the expected value of the variable. VOLUME 6, 2018 FIGURE 9. Electromagnetic force map.
According to (13), Pearson's product moment correlation coefficient between electromagnetic force and spool displacement, electromagnetic force and coil current is 0.113 and 0.954, respectively. When spool displacement is 0.32mm and coil current is 1.4A, then electromagnetic force is 31.75N.
A map of fluid force is obtained, as shown in Fig.10 . There is a positive correlation between fluid force and spool displacement, the Pearson's product moment correlation coefficient is 0.266. There is a positive correlation between fluid force and pressure drop, the Pearson's product moment correlation coefficient is 0.949. When spool displacement is 0.32mm and pressure drop is 12V, then fluid force is 13N. A map of flow is obtained, as shown in Fig.11 . With the increase of spool displacement, the flow of the NCSV is divided into two parts, the effective interval of throttle section II and the effective interval of throttle section I. Combined with (12) , when the overflow area of the throttle section I A 12 is larger than the throttle section II A j2 , there is a positive correlation between flow and spool displacement, the Pearson's product moment correlation coefficient is 0.559. The interval of this state is the effective interval of the throttle section II. When the overflow area of the throttle section I A 12 is smaller than the throttle section II A j2 , the flow keeps constant value. The interval of this state is the effective interval of the throttle section I.
According to the increase of current, the working states of the NCSV is divided into four parts: completely closed of spool, effective interval of throttle section II, effective interval of throttle section I and the completely opened of spool.
The curves of the current when the spool begins to move (CSM), the flow of the valve is reached to saturation (CFS) and the spool is completely opened (CSO) at the different pressure drop are shown in Fig. 12 . They all have a positive correlation with the pressure drop and the Pearson's product moment correlation coefficient is 0.996, 0.997, and 0.997, respectively. The interval between the CSM curve and X axis is the state of completely closed of spool. The interval between the CFS curve and the CSM curve is the effective interval of throttle section II. The interval between the CSO curve and CFS curve is the effective interval of throttle section I, it is very small. The interval between the CSO curve and a curve with a current value of 1.4A is the state of completely opened of spool. 
B. WORKING STATE OF THE NCSV
In order to get the more accurately and comprehensively working mechanism of NCSV, it is necessary to make a detailed analysis of the working states of NCSV. When the pressure drop through the valve is 5MPa. The curves of electromagnetic force, the liquid force, the flow, the flow rate and the spool displacement are shown in Fig. 13 .
As shown in Fig. 13 , the range of the coil current from 0A to 0.662A is the zero dead zone of control signal of the NCSV, which is completely closed by the action of the liquid force and the spring preload. The flow and the flow rate are always zero. The liquid force keeps the minimum. The zero dead zone of switch valve can be compensated by some control methods, such as [31] addresses the high performance motion control of hydraulic actuators with parametric uncertainties, unmodeled disturbances and unknown valve dead-zone. the unknown dead-zone parameters can be estimated by adaptive law and then the effect of dead-zone can be compensated effectively via inverse operation, improved tracking performance can be expected. As shown in Fig. 13 , the range of the coil current from 0.662A to 0.701A is effective interval of throttle section II, that is also called nonlinear flow controlled interval (NFCI). The magnetic force acting on the spool is larger than the sum of the other forces acting on the spool, and the spool begins to move. The increase of the spring force and liquid force can resist the increase of electromagnetic force. It leads to the balance of the force acting on the spool and the flow through valve is controllable. the flow changed from 0mL/s to 36 mL/s, the maximum value of the flow rate is 1147.1mL/s 2 .
As shown in Fig. 13 , the range of the coil current from 0.701A to 0.715A is effective interval of throttle section I. The area of the throttle section II is larger than the area of the throttle section I in this state. According to the (12), the effective throttle area is equal to the area of the throttle section I. Then the flow keeps maximum and the flow rate is always zero. The liquid force, magnetic force, and spool displacement keep increasing. The interval of this state is very small due to the imbalance of the force acting on the spool.
As shown in Fig. 13 , the range of the coil current from 0.715A to 1.4A is the state of complete opening of the pool. The magnetic force acting on the spool is larger than the sum of the other forces acting on the spool. The liquid force and the flow keep maximum and the flow rate is always zero.
The flow can only be controlled at the NFCI of valve. The NCSV is used as outlet valve in EHBS. According to the fluid force map, which is shown in Fig.10 , the fluid force decreases with the decreasing of the pressure drop. When the spool begins to move, the pressure drop through the valve decreases, the fluid force has a smaller increase or even lower. Therefore, it is difficult to achieve the nonlinear flow controllability of the NCSV in the NFCI.
Based on the above analysis, in order to improve the nonlinear flow controllability of the NCSV, it is necessary to redesign the structural principle of the valve.
IV. A NEW TYPE OF THE NCSV
According to the above analysis, it can be seen that if the NFCI of the NCSV is widened, its structure should meet the following design requirements:
1. The spool should tend to shut down by the liquid force acting on the spool so that the spool is completely closed when the coil is not energized;
2. The variation range of the return spring force is increased so that the spring force is sufficient to resistance to the increase of electromagnetic force during the movement of spool;
3. The structural principle of the NCSV is changed so that the liquid force acting on the spool increases rapidly with the spool open, and does not decrease when the pressure drop through the valve is decreasing. Therefore, the electromagnetic force can be balanced to make the valve flow is controllable.
A. STRUCTURE OF THE NEW NCSV
Based on the design requirements of the valve, a new type of NCSV is proposed as shown in Fig. 14. There are only three differences in structure between the new NCSV and traditional NCSV. Firstly, the installation position of the return spring is changed without changing the total displacement of the spool and the stiffness of the return spring. Secondly, the structure of the static iron core is changed. There is a blind hole in the center of static iron core of the new NCSV. The return spring and the hydraulic piston are located outside the guide column, and all of the three are located in the blind hole of the static iron core. The space between the upper end of the spool and the bottom end of the static iron core is called hydraulic chamber at the upper end of spool. Thirdly, the groove of the traditional NCSV is on the surface of the spool. However, the groove of the new NCSV is in the fluxinsulation tube. 
B. WORKING PRINCIPLE OF THE NEW NCSV
When the spool is completely closed, the hydraulic principle of the new NCSV is shown in Fig. 15(a) , hydraulic chamber at the upper end of spool is connected to the liquid inlet through the circular groove in the flux-insulation tube. The pressure of the hydraulic chamber P Y is equal to the pressure of the valve inlet P 22 . When the spool begins to move, the hydraulic principle of the new NCSV is shown in Fig. 15(b) . The spool of the new NCSV moves upward to block the circular groove in the flux-insulation tube. Hydraulic chamber at the upper end of spool is not connected with the valve inlet. The pressure of the hydraulic chamber P Y is larger than the pressure of the valve inlet P 22 . and the excess oil flows into the outer circular groove of the guide column due to the compression of the return spring. However, when the spool of traditional NCSV moves upward, Hydraulic chamber at the upper end of spool is connected with the valve inlet all the time. The pressure of the hydraulic chamber is same as the pressure of the valve inlet. The methods for solving the electromagnetic force, flow force, damping force, and friction force of the two kinds of valves are the same. The difference in the solving process of the two kinds of NCSV lies in the hydraulic force F Y and spring force, which can be generated from the pressure of the hydraulic chamber at the upper end of spool. (14) where: P Y is the pressure in the hydraulic chamber at the upper end of spool, P 22 is the inlet pressure of the new NCSV.
where: K t is the spring stiffness of the new NCSV, A s is the area of hydraulic piston, P 22 is the instantaneous pressure at the inlet of the valve when the spool begins to move. The dynamic model of the new NCSV can be obtained by taking the (2) - (15) into (1) . The MATLAB/Simulink software is used to simulate the new NCSV.
C. SIMULATION RESULTS
The area of the hydraulic piston of the new NCSV A s is 4.81mm 2 . The spring stiffness of the new NCSV K t is 2 N/mm 2 . The value of other structural parameters of the new NCSV is in accordance with that of the traditional NCSV, which is shown in Table 1 . The electromagnetic force and flow of the new NCSV is in accordance with the traditional NCSV. It is no longer described here.
The fluid force of the new NCSV is different from traditional NCSV, the map of fluid force is shown in Fig.16 . There is a positive correlation between fluid force and spool displacement, the Pearson's product moment correlation coefficient is 0.598. There is a positive correlation between fluid force and pressure drop, the Pearson's product moment correlation coefficient is 0.790. When spool displacement is 0.32mm and instantaneous pressure P 22 is 12MPs, then fluid force is 16.5N. Based on the working states partition of traditional NCSV, the working states of the new NCSV are also divided into four parts: completely closed of spool, effective interval of throttle section II, effective interval of throttle section I and the completely opened of spool. The CSM curve, the CFS curve and the CSO curve at the different pressure drop are shown in Fig. 17 . They all have positive correlation with the pressure drop and the Pearson's product moment correlation coefficients are 0.982, 0.996 and 0.997, respectively. The interval between the CSM curve and X axis is the state of completely closed of spool. The interval between the CFS curve and the CSM curve is the effective interval of throttle section II. The interval between the CSO curve and CFS curve axis is the effective interval of throttle section I. The interval above the CSO curve is the state of completely opened of spool.
D. WORKING STATE OF THE NEW NCSV
When the pressure drop through the valve is 5MPa, the curves of electromagnetic force, the liquid force, the flow, the flow rate and the spool displacement with the coil current are shown in Fig. 18.   FIGURE 18 . The working characteristic curve of the new NCSV.
As shown in Fig.18 , the range of the coil current from 0A to 0.511A is the zero dead zone of control signal of the new NCSV, which is in the state of completely closed of the pool. This interval is smaller than that of the traditional NCSV in Fig.13 . Then the lower limit value of the effective control interval of the new NCSV is extended.
As shown in Fig.18 , the range of the coil current from 0.511A to 0.706A is effective interval of throttle section II. This interval is also called nonlinear flow controlled interval(NFCI). When the valve is opening, the liquid force has no effect on the decrease of the pressure drop through the valve. The liquid force can balance the change of the electromagnetic force so that spool can be suspended in any position. The range of flow is 36mL/s and it is equal to that of the traditional NCSV. It means that the two types of the NCSV have the same rate of pressure changing. The NFCI of new NCSV is larger than the that of traditional NCSV in Fig.13 . Then the precision of pressure controlling of the new NCSV is better than that of the traditional NCSV. The maximum value of the flow rate is 261.7mL/s 2 and this value is far less than the traditional NCSV. Then the stability of pressure controlling of the new NCSV is better than that of the traditional NCSV.
As shown in Fig.18 , the range of the coil current from 0.706A to 0.812A is effective interval of throttle section I. This interval is larger than that of the traditional NCSV in Fig.13 , due to the pressure of the hydraulic chamber, which increases with the increase of the displacement of the spool. As shown in Fig.18 , the range of the coil current from 0.812A to 1.4A is the state of complete opened of the pool. The spool is attracted by the electromagnetic force and keeps completely open. This interval is smaller than that of the traditional NCSV in Fig.13 .
E. EFFECT OF STRUCTURAL PARAMETERS ON FLOW CONTROLLABILITY
There are many factors affecting the flow controllability of the NCSV, including the structural parameters of the electromagnetic part and valve body, the parameters of spring, and the operating condition parameters of the NCSV, etc. In this paper, MATLAB/ Simulink software is used to analyze the influence of structural parameters of valve body and the pressure drop through the valve on the flow controllability of the new NCSV.
When pressure drop through the valve is 5MPa, the cone angle of the valve seat is 124 degrees, 114 degrees and 104 degrees, respectively, the flow of the new NCSV is shown in Figure 19 When the pressure drop through the valve is 5MPa, 10MPa and 15MPa, respectively, the flow of the new NCSV is shown in Figure 19 When pressure drop through the valve is 5MPa, the radius of the spherical spool is 0.6mm, 0.8mm and 1mm, respec- VOLUME 6, 2018 tively, the flow of the new NCSV is shown in Figure 19 . The flow range of the three curves is 36mL. When pressure drop through the valve is 5MPa, the smaller end radius of the valve seat is 0.275mm, 0.325mm and 0.375mm, respectively, the flow of the new NCSV is shown in Figure 19 . The range of flow of the three curves is 25.8 mL, 36 mL and 47.9 mL, respectively. The NFCI of the three curves is The three indexes above can only evaluate the nonlinear flow controllability of the valve from a certain aspect and cannot be evaluated from the overall situation. Therefore, the flow controllability factor is proposed to evaluate the flow controllability of the valve comprehensively.
V. EVALUATION METHOD OF NONLINEAR FLOW CONTROLLABILITY
In this paper, it is considered that the range of the WPC is from 0MPa to 12MPa. When the pressure drop through the valve is z MPa (z = 0 . . . 12), the expression of the flow controllability factor is as follows:
where: J Dz is the flow controllability factor of the valve, when the pressure drop through the valve is z MPa, J Az is the range of flow, when the pressure drop through the valve is z MPa, J Bz is the maximum value of the flow rate, when the pressure drop through the valve is z MPa, J cz is the nonlinear flow controlled interval (NFCI), when the pressure drop through the valve is z MPa.
where: D is the flow controllability factor of the valve, n z is the weight coefficient of flow controllability factor of the valve, when the pressure drop through the valve is z MPa. In the process of solving the flow controllability factor D, when the valve often works in a pressure range, the weight coefficient of the flow controllability factor can be properly increased. In this paper, n z = 1, z = 0, 1, · · · , 12. The values of evaluation indexes of the traditional NCSV is shown in the Table 2 . The flow controllability factor D of the traditional NCSV is 0.002 As. The values of evaluation indexes of the new NCSV is shown in the Table 3 . The flow controllability factor D of the new NCSV is 0.0281 As.
As shown in Table 2 and Table 3 , the range of flow J Az of the traditional NCSV is in agreement with the new NCSV. In terms of the maximum value of the flow rate J Bz and NFCI J cz , the new NCSV is superior to the traditional NCSV. Therefore, the flow controllability factor D of the new NCSV is much better than the traditional NCSV.
VI. FLOW CONTROLLABILITY OPTIMIZATION OF THE NEW NCSV
The particle swarm optimization (PSO) algorithm is a kind of swarm intelligence optimization technique [32] , [33] , which is used to imitate the cluster behavior of insects, birds, fishes and so on. The swarms find food in a cooperative way, which makes group members constantly change their search patterns according to their own learning experience and other members.
Based on the dynamic model of the new NCSV, the adaptive weight particle swarm optimization (APSO) algorithm is applied to optimize the flow controllability factor D of the new NCSV. The smaller end radius of the valve seat (radius of the throttle section I), the cone angle of the valve seat and the radius of the spherical spool are used as the optimization parameters. The range of the optimization parameters is ±20%.
The nonlinear dynamic inertia weight coefficient of APSO algorithm is shown as below. (18) where: ω max and ω min are the maximum and minimum of the inertia weight, respectively, and their values are 0.9 and 0.1, respectively, f is the current fitness function value of the particle, that is the value of the objective function, f avg and f min are the average target value and the minimum target value of all the current particles, respectively. The reciprocal of the flow controllability factor D is used as the fitness function in this paper. The formulation of the optimization problem can be described as follows.
where: r ball is the radius of the spherical spool, r seat is the radius of the cylindrical surface of valve seat. The update formulas of particle's velocity and position of are as follows:
where: m is the number of a swarm members, d is the dimension of target search space, v i,j (t) is the velocity of the current particle, x i,j (t) is the position of the current particle, c 1 , c 2 are the learning factors, s 1 , s 2 are random numbers between 0 and 1. The main steps of the algorithm are as follows:
Step 1: The initial position and velocity of each particle are randomly generated in the range of the particle. The number of particles is 40, and the number of iterations is 100 times.
Step 2: The fitness value of each particle is calculated. The location and fitness values of the current particles are stored in p i and the best location and fitness value of the swarm are stored in p g .The best particle of fitness in the population is chosen as the location of the population.
Step 3: The velocity and position of the particles are updated according to the (20) and (21) .
Step 4: The fitness value of each particle after updating is calculated, and the fitness value of each particle is compared with its own historical best position. If it is good, take the current position as the best position of the particle.
Step 5: Compare the fitness of each particle with the best position of the swarm. If one of the particle's fitness is better, the best position of the swarm is updated.
Step 6: It is judged that the optimization iteration should be terminated according to the terminating conditions. If the condition is satisfied, exit the cycle and output the optimization result, otherwise turn the step 3.
The fitness curve of APSO algorithm is shown in Fig. 20 . It can be seen that the convergence speed of the algorithm is rapid. The local extremum is avoided effectively by adjusting the inertia weight of the iterative process dynamically, and the global search ability is better. The optimization parameters of the switch valve are shown in Table 4 . After optimization, the flow controllability factor increased by 94.7%. The nonlinear flow map of the new NCSV before and after the optimization are shown in Fig.21 and Fig.22 , respectively. When the pressure drop through the valve is 5MPa, the NFCI of the optimized new NCSV is from 0.283A to 0.667A, and it is larger than that of the new NCSV, of which NFCI is from 0.511A to 0.706A. After optimization, the maximum value of flow has been increased from 36mL/s to 51.8 mL/s, the maximum value of the flow rate has been decreased from 261.7 mL/s 2 to 261.6 mL/s 2 and the flow controllability factor D has been increased by 94.7%. The nonlinear flow map of the NCSV can be used to control the flow and pressure of the brake system. 
VII. CONCLUSION
The purpose of this paper is to improve the nonlinear flow controllability of the normally closed switch valve (NCSV), which is used as outlet valve in EHBS. The fluid force decreases with the decreasing of the pressure drop, which is the fundamental reason for restricting the flow controllability of the NCSV. In order to solve this problem, the traditional NCSV is modified to make the flow controllability better. The concept of ''flow controllability factor'' is proposed to evaluate nonlinear flow controllability of the two types of the NCSV comprehensively. After modification, the flow controllability factor D of the NCSV is increased from 0.002As to 0.0281As. The adaptive weight particle swarm optimization (APSO) is used to further improve the nonlinear flow controllability of the new NCSV. After optimization, the flow controllability factor D of the new NCSV increased by 94.7%.
The nonlinear flow map of the NCSV can be used for the controlling and estimating of wheel cylinder pressure (WCP) of EHBS, and make it more convenient and accurate. As a future work, the new type of the NCSV will be produced and tested, the experimental results will be compared with simulation results and theoretical analysis results.
